ABstRAct: ) is a multifunctional molecule involved in both normal and malignant hematopoiesis. It has been found to be involved in the pathogenesis of many different hematological malignancies with either an oncogenic or a tumor-repressor effect, depending on the nature of the cell and the type of malignancy. In particular, it has been strongly implicated in the causation of diffuse large B-cell lymphomas. This review focuses on the molecular interactions of miR-155, its oncogenic mechanisms, and its potential as an effective therapeutic target for the associated malignancies.
Introduction
MicroRNAs (miRNAs) are a group of small nonprotein-coding RNAs (19-24 nucleotides in size), which act as sequencespecific regulators of posttranscriptional gene expression. They have been discovered to play important roles in many cellular processes, including cell proliferation, differentiation, and apoptosis in normal as well as malignant hematopoiesis. 1 Different miRNAs have tumor-suppressor or oncogenic effects in the pathogenesis of various hematological malignancies and solid tumors. 2 This review focuses on the association between miRNAs, especially microRNA-155 (miR-155), and hematological malignancies.
Biosynthesis of miRNAs
miRNAs are transcribed from different genomic locations, either from independent noncoding RNAs, from introns of protein-coding genes, or even from exons of long nonproteincoding transcripts, as long polyadenylated primary precursors (pri-microRNA) by RNA polymerase II. miRNA-coding regions account for 1%-5% of all human genes. 3 One primiRNA can contain up to six hairpin loop structures, each made up of around 70 nucleotides. Within the nucleus, primiRNA associates with a nuclear protein known as DiGeorge Syndrome Critical Region 8 (DGCR8 also known as "Pasha" in invertebrates) and an RNase III called Drosha to form the "microprocessor" complex. Drosha cleaves pri-miRNA into individual hairpin-shaped 70-100 nucleotide units that are called precursor miRNAs (pre-miRNA), which are exported to the cytoplasm. In the cytoplasm, another RNase III called Dicer processes pre-miRNAs into ∼22-nucleotide-long miRNA duplexes by removing the terminal loop. Only one strand of this duplex structure acts as the mature miRNA. Mature miRNA associates with other proteins, such as the AGO (Argonaute) protein, TRBP (transactivation-responsive RNA-binding protein), and PACT (protein activator of the interferon-induced protein kinase), to form an effector complex called the miRNA-containing ribonucleoprotein particle (miRNP) or RNA-induced silencing complex, which then acts on the target messenger RNAs (mRNAs). 4 
Mechanism of Action of miRNAs
The miRNP complex is directed toward its target by complementary base-pairing of the miRNA with the target mRNA. Unlike plant miRNAs that bind to a single complementary site in the coding region of the target mRNA, animal miRNAs including human miRNAs usually do not have exact complementarity to the target mRNAs and bind to multiple partially complementary sites in the 3′-untranslated regions. This binding leads to either repression of translation of the target mRNA or its destabilization and degradation. 5 Till date, more than 1000 pre-miRNAs have been reported to be present in the human genome. Based on bioinformatic predictions, at least 50% of all gene products in the human genome are thought to be regulated by miRNAs, with each miRNA regulating hundreds of genes. 6 
Role of miRNAs in Normal Hematopoiesis
Different miRNAs have been found to play an important role in different aspects of hematopoiesis. The actual effect of these miRNAs on the level of expression of genes involved in hematopoiesis is usually modest, causing not more than twofold reduction in the protein levels. 7, 8 However, some of these proteins such as the transcription factor PU.1 and the transcriptional activator MYB have to be expressed in precise dosages and even a modest reduction in their levels can have significant phenotypic effects. 9 Additionally, each mRNA usually has more than one miRNA-binding site and each miRNA can target multiple genes in the same pathway, thereby leading to significant cumulative modulatory effects. 10 Apart from the simple negative regulation of target mRNA, miRNAs act through regulatory circuits such as the "coherent feed-forward loop," the "mutual negative feedback loop," and the "positive feedback/feed-forward loop" to maintain inhibition/inactivation of specific proteins for lineage commitment during hematopoiesis.
11 Some miRNAs also act as buffers for random changes in gene expression resulting from stochastic events in transcription and translation.
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Role of miRNAs in Hematological Malignancies
One of the earliest evidences for the role of miRNA deregulation in hematological malignancies was the finding that the 13q14 locus, which is deleted in many cases of chronic lymphocytic leukemia (CLL), includes the coding regions of two miRNAs miR-15a and miR-16-1. These two miRNAs are highly expressed in CD5+ B-lymphocytes, and if the loss of one of their alleles contributes to the pathogenesis of CLL, they must be acting as tumor suppressors. 12 Further studies have suggested that deregulation of expression of different miRNAs is a common event in many hematological malignancies. Table 1 lists some of the known associations between miRNAs and hematological malignancies.
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MicroRNA-155
MiR-155 is processed from a noncoding RNA transcribed from the B-cell integration cluster (BIC) gene located on chromosome 21. Depending upon the arm of the pre-miRNA-155 hairpin structure from which the mature miRNA-155 is derived, it is denoted as miR-155-5p (from the 5′ arm) and miR-155-3p (from the 3′ arm). 38, 39 MiR-155 is a multifunctional miRNA molecule that has been found to be involved in various biological processes. The list of target genes of miR-155 includes around 140 genes, which include genes encoding for regulatory proteins for myelopoiesis and erythropoiesis, tumor-suppressor genes, and genes encoding for inflammatory proteins. 40 Apart from its role in normal and malignant hematopoiesis that is described in detail in this review, miR-155 has been found to have important roles in immune pathways, inflammatory processes, and cardiovascular pathophysiology. 40 It has been shown to be an important component of the primary macrophage response to different inflammatory mediators such as bacterial lipopolysaccharide (LPS), interferon beta, poly IC (polyriboinosinic-polyribocytidylic acid), and tumor necrosis factor alpha. 41 It has been found to be important in lymphocyte development and generation of B-cell-and T-cellmediated immune responses. 42 It has also been implicated in the causation of hypertension and cardiovascular diseases through repression of angiotensin II type I receptor. 43 
Role of miR-155 in Normal Hematopoiesis
MiR-155, like many of the other miRNAs involved in hematopoiesis, is expressed in high levels in normal hematopoietic stem-progenitor cells (HSPCs) and in low levels in mature hematopoietic cells. These miRNAs keep the genes specifying hematopoietic differentiation in check, until differentiation occurs. MiR-155 has been found to control both myelopoiesis and erythropoiesis. 44 Masaki et al. 45 demonstrated a 200-fold reduction in miR-155 expression during the differentiation of purified normal human erythroid progenitors in a liquid culture system, thereby confirming its role in erythroid differentiation.
However, the exact mechanisms by which miR-155 regulates normal myeloid lineage commitment are not clearly understood yet. It is likely to be involved in negative regulation of apoptosis, in increasing the rate of proliferation among myeloid progenitors, or in promoting commitment of HSPCs to the common myeloid progenitor lineage.
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Role of miR-155 in Hematological Malignancies
MiR-155 is one of the most frequently overexpressed miRNAs in solid as well as hematological malignancies. 46 Aberrant expression of miR-155 has been found to be associated with various types of hematological malignancies. It can have either an oncogenic or a tumor-repressor effect, depending on the nature of the tissue and the type of malignancy. Overexpression of miR-155 has been found to be associated with many hematological malignancies including diffuse large B-cell lymphoma (DLBCL), Hodgkin's lymphoma, follicular lymphoma, primary mediastinal B-cell lymphoma, chronic lymphoid leukemia, and acute myeloid leukemia (AML) with McDonough feline sarcoma viral oncogene homolog (FMS)-like tyrosine kinase 3 (FLT3)-internal tandem duplication mutations, suggesting its oncogenic role in their pathogenesis. On the other hand, it has been found to be downregulated in certain other hematological cancers such as Burkitt's lymphoma (BL), mantle cell lymphoma (MCL), chronic myeloid leukemia, and AML with inv (16) and 3q26 cytogenetic abnormalities, suggesting a tumor-repressor role in these malignancies. 7, 38, 47, 48 Role of miR-155 in the pathogenesis of lymphomas. Different mechanisms have been postulated for the miR-155-mediated pathogenesis of hematological malignancies. One of these proposed pathogenic mechanisms, especially for lymphomas such as DLBCL, is the downregulation of B-cell lymphoma 6 protein (BCL6) and histone deacetylase 4 (HDAC4) by miR−155. 38 BCL6 is an evolutionarily conserved zinc finger transcription factor, belonging to the family of POK (Pox viruses and Zinc-finger and Kruppel) factors, which normally over-expression of mir-181a/b inhibits granulocytic and macrophage-like differentiation of hL-60 cells and CD34+ hematopoietic stem/progenitor cells by directly targeting and down-regulating the expression of PrkCD (which further affects the PrkCD-P38-C/eBPα pathway), CtDsPL (which further affects the phosphorylation of retinoblastoma protein) and Camkk1. 13, 14 MiR-125b is significantly up-regulated in blast cells and promotes transformation of normal hematopoietic cells into malignant cells. its anti-apoptotic and pro-proliferative effects are proposed to be mediated by targeting of ABTB1 and CBFB. 15, 16 mir-146a is an inhibitor of TRAF6. as TRAF is involved in the activation of the canonical and noncanonical nF-kB signaling pathways, amL pathogenesis associated with mir-146a is believed to be mediated by nF-kB. 15 the role of mir-155 is discussed in the text.
acute promyelocytic leukemia (aPmL) mir-181a/b mir-181a/b expression is activated by the PmL/rarα oncogene and mir-181a/b in turn, targets the tumor suppressor gene rassF1a by direct binding to its 3'-untranslated region. 17 mir-181a also decreases the expression of aC9 which is an enhancer of the trans-activity of the retinoic acid receptor; down-regulation of aC9 inhibits atra-induced differentiation. the role of mir-155 is discussed in the text. mir-21 has an oncogenic effect, through inhibition of pro-apoptotic and anti-proliferative genes. 21 over-expression of mir-196b results in up-regulation of hoXa. 22 increased expression of the mir-17-92 cluster is associated with down-regulation of p21 which is an inhibitor of cell cycle progression. 23 Chronic lymphocytic leukemia (CLL) mir-15a, mir-16-1 mir-34 mir-29 mir-181 mir-155 mir-15a and mir-16-1 act as tumor-suppressors and negatively regulate BCL2 at post-transcriptional level; down-regulation of these micrornas results in increased Bcl2 expression with resultant inhibition of apoptosis. 24 they also act in conjunction with DLEU7 to promote the activation of nF-kB and nFat via TACI and BCMA. 25, 26 over-expression of mir-34 results in p53-like effects on apoptosis or cell cycle arrest, as it is a downstream target of p53. mir-15a/16-1 acts as a tumor-suppressor through down-regulation of several target genes including Wt1, FgFr1, Pi3kCa, mDm4 and VegFa. 31, 32 over-expression of mir-21 leads to down-regulation of Pten, rho-B, and Btg2 and up-regulation of akt and extracellular signal-regulated kinase signaling, which contribute to the pathogenesis of multiple myeloma. has an inhibitory effect on transcription. BCL6 mediates transcriptional repression in processes such as hematopoietic cell differentiation, leukemogenesis, and inflammation by recruiting HDACs like HDAC4. Sandhu et al. 49 studied the micro array data of 84 patients with DLBCL from two gene expression omnibus microarray data sets and found that miR-155 expression inversely correlated with BCL6 and HDAC4 expression. Further, they performed a genome-wide transcriptome analysis of naïve B cells in Eµ-miR-155-transgenic mice that overexpress miR-155. They found that BCL6 is significantly downregulated in Eµ-miR-155 mice, which in turn leads to de-repression of its targets like inhibitor of differentiation (Id2), interleukin-6 (IL-6), cMyc, Cyclin D1, and Mip1α/ccl3, which together promote cell survival and proliferation. BCL6 was found to be indirectly targeted by miR-155 through Mxd1/Mad1 upregulation, while its corepressor partner HDAC4 was found to be directly targeted (Fig. 1) . They also found that increased ectopic expression of HDAC4 in human activated B-cell (ABC)-type DLBCL cells reduces miR-155-induced proliferation and clonogenic potential and increases apoptosis (Fig. 1) . 49 Thompson et al. 50 studied the role of nuclear factor kappa B (NF-κB) in the miR-155-mediated pathogenesis of DLBCL. They found that tumor cells of the ABC subtype of DLBCL, which has low expression of the cell surface protein CD10 and poorer prognosis, had higher NF-κB activity when compared to tumor cells of the germinal center B-cell subtype of DLBCL, which has higher CD10 expression and a better prognosis. Higher activity of NF-κB correlated with increased expression of miR-155 and reduced expression of the transcription factor PU.1 and CD10 in many B-lymphoma cell lines. Both overexpression of miR-155 and treatment with the NF-κB inducer LPS were found to cause reduced expression of CD10 in the BJAB B-lymphoma cell line. Based on these findings, it was concluded that increased NF-κB activity results in increased miR-155, which in turn leads to decrease in PU.1 and consequent reduction in CD10 mRNA and protein, leading to a more aggressive form of DLBCL. 50 MiR-155 has also been proposed to contribute to the pathogenesis of DLBCL by targeting the human germinal center associated lymphoma (HGAL) protein, a lymphocyte motility inhibitor. 51 Dagan et al studied HGAL expression in DLBCL cell lines transfected with hsa-miR-155 and found that miR-155 directly downregulates HGAL expression, which in turn leads to decreased RhoA activation and increased lymphoma cell motility. This effect was proposed to contribute to lymphoma cell dissemination and aggressiveness in DLBCL. 51 SMA and MAD-related protein 5 (SMAD5) is another miR-155 target considered to be involved in the pathogenesis of DLBCL. It normally plays a very important role in the signaling pathway by which transforming growth factor-beta (TGF-β) inhibits the proliferation of human hematopoietic progenitor cells. A study by Rai et al. 52 found that miR-155 overexpression, through inhibition of SMAD5 activity, made the mir-17-92 cluster micrornas act through repression of Pten phosphatase and the pro-apoptotic Bim protein and down-regulation of the pro-apoptotic e2F1. 34, 35 mir-21 acts by down-regulation of the tumour suppressor Pten. 36 mir-34a has a tumour suppressor effect and its down-regulation promotes lympho-proliferation by allowing increased expression of gC transcription factors FoXP1 and BCL6. DLBCLs resistant to the growth-inhibitory effects of both TGF-β1 and bone morphogenetic proteins, through defective induction of p21 and impaired cell cycle arrest. MiR-155 has also been found to have an oncogenic role in the causation of anaplastic large-cell lymphoma (ALCL) lacking the t(2;5) translocation (which lacks the nucleophosmin-anaplastic lymphoma tyrosine kinase fusion protein), that is, the ALCL ALK(−) subtype. In a recently published study by Merkel et al. 53 , it was found that ALCL ALK(−) show reduced miR-155 promoter methylation and high miR-155 expression. Murine engraftment models of ALCL ALK(−) treated with antisense miR-155 mimics showed increased levels of CCAAT-enhancer binding protein beta (C/EBPβ) and of SOCS1 (Suppressor of cytokine signaling 1), which correlated with reduced tumor growth. 53 As opposed to its oncogenic effects mentioned above, miR-155 has been found to have tumor-suppressor effects in Burkitt's lymphoma (BL). Kluiver et al. 54 demonstrated the absence or very low expression of miR-155 in Ebstein-Barr virus (EBV)-positive BL cells, EBV-negative BL cells, and EBV latency type I BL cells. However, they reported higher levels of BIC and miR-155 in in vitro transformed lymphoblastoid EBV latency type III BL cell lines. In a subsequent study, they demonstrated that even ectopic expression of BIC in the BL-derived Ramos cell line as well as other BL-derived cell lines did not result in miR-155 expression, indicating a specific block in the processing of miR-155 from BIC in BL. This was attributed to the regulation of BIC expression at the transcriptional level by protein kinase C and NF-κB and at the processing level by an unknown mechanism in BL cells. 55 A study by Dorsett et al. 56 showed that knockdown mouse models with mutation in the miR-155 binding site in the 3′-untranslated region of activation-induced cytidine deaminase (AID) had increase in steady-state AID mRNA and protein amounts, which resulted in a high degree of Myc-Igh translocations, which are the key transforming events in BL.
A study by Yim et al. 57 has also suggested a tumor-suppressor effect of miR-155 in the pathogenesis of MCL. Complete methylation of miR-155-3p was documented in one MCL cell line (REC-1), and demethylation with 5-aza-2′-deoxycytidine treatment of REC-1 led to re-expression of miR-155-3p with consequent increased apoptosis and decreased cellular viability. Lymphotoxin-beta (LT-β), which is an upstream activator of the noncanonical NF-κB signaling pathway, was established to be the target of miR-155-3p by luciferase assay. Further, miR-155-3p was found to be hypermethylated in a significant proportion of primary MCL as well as in B-cell, T-cell, and Natural Killer cell (NK-cell) non-Hodgkin's lymphomas (NHLs). As miR-155-3p methylation correlated with miR-155-3p downregulation and LT-β upregulation, it was concluded to be a potential tumorsuppressive miRNA for MCL and other NHL subtypes.
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Role of miR-155 in the pathogenesis of leukemias. MiR-155-associated pathogenesis of acute myeloid and lymphoblastic leukemias has been proposed to be mediated through SHIP1 (Src homology 2 domain-containing inositol phosphatase) and C/EBPβ, two important regulators of B-cell maturation. 15 Studies have shown that miR-155 directly inhibits SHIP1 as well as C/EBPβ. 58, 59 SHIP1 mediates the conversion of phosphatidylinositol triphosphate (PIP3) to phosphatidylinositol diphosphate (PIP2). PIP3 facilitates the Phosphoinositide 3-kinase (PI3K)-Akt pathway by functioning as a docking site for signaling molecules in the pathway. By promoting the conversion of PIP3 to PIP2, SHIP1 blocks the activation of the PI3K-Akt pathway and probably thereby suppresses the development of AML. 60 MiR-155 is believed to promote the pathogenesis of AML by downregulating SHIP1, and thereby reversing SHIP1-mediated PI3K-Akt pathway suppression (Fig. 2) . O'Connell et al. 58 found that overexpression of miR-155 in hematopoietic cells both in vitro and in vivo studies resulted in repression of endogenous SHIP1 and increased activation of the kinase AKT. Further, they also found that knocking down SHIP1 or overexpressing miR-155 in HSPCs produced similar myeloproliferative phenotypes, with an increased number of CD11b+ myeloid cells in the bone marrow and spleen, decreased marrow erythropoiesis, and splenomegaly. 58 C/EBPβ is a transcription factor involved in negative regulation of the IL-6 signaling pathway in B-cells and also plays an important role in myeloid and lymphoid maturation. 61 A study by Costinean et al. 59 showed that miR-155-mediated downregulation of SHIP1 and C/EBPβ is the most likely mechanism for the pathogenesis of acute lymphoblastic leukemia/high-grade lymphoma in Eµ-MiR-155 transgenic mice. Both SHIP1 and C/EBPβ protein levels were found to be markedly diminished in leukemic pre-B-cells in Eµ-miR-155-transgenic mice. Mir-155-induced downregulation of both SHIP1 and C/EBPβ was proposed to cause a block in B-cell differentiation through derepression of the IL-6 signaling pathway and to induce a reactive proliferation of the relatively apoptosis-resistant myeloid precursor cells (Fig. 2) . 59 Overexpression of miR-155 has also been found to be associated with the more aggressive and poorer prognosis type of CLL. Cui et al. 62 reported that transfection of CLL cells with miR-155 reduced SHIP1 expression and enhanced responsiveness to B-cell receptor (BCR) ligation, whereas transfection with a miR-155 inhibitor had the opposite effect. Treatment of CLL or normal B cells with the CD40-ligand or B-cell-activating factor upregulated miR-155 and increased sensitivity to BCR ligation, but these effects got blocked by miR-155 inhibitors. 62 In contrast to this, miR-155 has been found to have tumor-repressor effects in AML with FLT3-wild type, by inducing cell apoptosis through caspase-3 activation. In a study by Palma et al. 47 , knockdown of miR-155 by locked nucleic acid antisense oligonucleotides in the FLT3-wildtype AML cells was shown to lead to resistance to cytarabine arabinosideinduced apoptosis and to suppression of cell differentiation. Ectopic expression of miR-155 in FLT3-wildtype AML cells resulted in the gain of myelomonocytic markers (CD11b, CD14, and CD15) and increase in the expression of cleaved caspase-3 with a concomitant increase in apoptosis, reduced cell growth, and decreased clonogenic capacity. 
MiR-155-Related Therapeutic targets for Hematological Malignancies
As miR-155 plays an important role in oncogenesis, especially for malignancies such as DLBCL, anti-miRs targeting it might prove to be of significant therapeutic benefit. However, limitations to this treatment modality include the instability of free-floating anti-miRs in the plasma and their vulnerability to breakdown by nucleases, nonspecific tissue uptake, and renal clearance. These limitations can be overcome by nanoparticle-based delivery of the anti-miRs to target tissues. In a study by Babar et al. 63 , anti-miR-155 was loaded into poly (lactic-co-glycolic acid) nanoparticles and administered to mice with disseminated lymphoma due to miR-155 overexpression. To further facilitate intracellular delivery, these nanoparticles were "decorated" with a cell-penetrating peptide, penetratin. The pre-B-cells were found to favor uptake of nanoparticles coated with penetratin when compared to other cell-penetrating peptides such as Trans-activating transcriptional activator from human immunodeficiency virus 1 (TAT) and polyarginine. This nanoparticle-mediated anti-miR-155 administration was found to result in significant slowing of growth of the pre-B-cell tumor in vivo. 63 Zhang et al. 64 found that cell proliferation associated with B-cell lymphoproliferative disorders such as Waldenstrom macroglobulinemia (WM) and CLL could be blocked in vitro with an anti-miR-155 oligonucleotide targeting the seed region of miR-155. When the anti-miR-155 was delivered systemically, it was taken up in the CD19+ cells in the bone marrow of WM-engrafted mice and led to the upregulation of miR-155 target mRNAs in these cells, which in turn resulted in significant reduction in tumour growth in vivo. 64 For malignancies such as AML where mir-155 has a repressor effect, therapeutic benefits might be obtained by induction of miR-155 expression. Either way, miR-155 is a promising therapeutic target for various hematological malignancies and solid tumors, and studies into both aspects of miR-155-mediated therapy are ongoing.
conclusion
Various miRNAs play critical roles in the causation of different hematological malignancies. Among them, miR-155 is one of the important miRNAs that contributes to the pathogenesis of diverse hematological malignancies and solid tumors with complex oncogenic as well as tumorrepressor roles depending on the disease context and tissue type. Due to its important role in cancer pathogenesis, it is a promising therapeutic target for these cancers. Further clear elucidation of the role and pathogenic mechanisms of miR-155 in hematological malignancies may prove to be of great help in the development of effective treatment modalities for these conditions.
